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ABSTRACT 
 The main objective of this thesis is to study the hydraulic behaviour of a surface 
heated discharge in a shallow channel, which is wider than the discharge of thermal 
waste, and connected to a colder water body. An internal hydraulic jump characterized by 
mixing (dilution) of hot and cold water was  observed in the channel. Similar to the 
single-layer hydraulic jump, the internal hydraulic jump in a two-layer system is a rapid 
transition from supercritical to subcritical flow.   
 The study involved analytical and experimental analyses of the flow in the 
channel. The analytical analysis showed that the critical dilution initially increased with 
the Initial Froude Number (Fr0) up to a specific value of Fr0. This specific condition  
defined the maximum critical dilution point for a particular shallow channel. Beyond this 
maximum critical point, dilution decreased with the increase in the Fr0 . In comparison, 
there is no  maximum critical dilution point in a deep channel and the critical dilution 
always increases with the increase of the Fr0 .    
 Experiments were performed in a laboratory apparatus. The cooling channel 
compartment of the apparatus was the most essential part of this study.  Mixing, back 
flow, internal hydraulic jump, and ambient water entrainment  took place inside this 
cooling channel. Two side weirs were also provided to control the depth of the water 
inside the channel.  The temperature was measured with an array of thermocouples 
connected to a computer data acquisition system. The width of the channel was fixed but 
the depth was changed from experiment to experiment.  
 The experimental results confirmed that the critical dilution in the channel had a 
maximum value. At high Froude numbers the depth of the jump reached the  bottom of 
the channel.  The hot water discharge did not mix with ambient water when the jump 
reached the bottom of the channel.  
  Analytical and experimental results were directly compared by plotting the 
maximum dilution µmax vs. Fr0 . The experiments confirmed the analytical predictions of 
dilution in a cooling channel of limited depth and finite width. 
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CHAPTER 1 
INTRODUCTION 
1.1 OVERVIEW & MOTIVATION 
 Water pollution is a major global problem, which requires ongoing evaluation and 
revision of water resource policy at all levels (international down to individual aquifers 
and wells). It has been suggested that it is the leading worldwide cause of deaths and 
diseases, Pink and Daniel (2006) and that it accounts for the deaths of more than 14,000 
people daily, West and Larry (2006). More than a billion people (almost one-fifth of the 
world’s population) lack access to safe drinking water, and 40 percent lack access to 
basic sanitation, World Water Development Report (2006). Both the surface water and 
ground water are getting polluted due to the disposal of different waste discharges in to 
the natural water bodies.  
 The work presented in this thesis is related to thermal pollution that can be 
controlled by dilution. Thermal pollution is the degradation of water quality by the direct 
discharge of thermal waste, which increases the temperature of the natural water bodies 
(rivers, lakes....etc). A common source of thermal pollution is the use of cooling water by 
power plants and industrial manufacturers. When water is used as a coolant, it is returned 
to the natural environment at a higher temperature, This increase in temperature 
decreases the amount of dissolved oxygen, and affects the ecosystem composition. Urban 
runoff–storm water discharged to surface water from roads and parking lots–can also be a 
source of elevated water temperatures, Nair et al. (2010). 
 Due to the high demand for cooling in power generation and other industrial 
processes, the extent of thermal pollution worldwide is considerable, particularly in the 
industrialized countries of Europe, North America, Asia and Australia. For example in 
the United Kingdom, it is estimated that one half of all river flow is used for cooling 
purposes hence leading to higher temperature of water in natural water bodies, Abel 
(1996). As early as the 1980s thermal discharges in the USA amounted to one sixth of the 
total national river flow, Abel (1996). In Australia, there are many instances of warm 
water discharge subsequent to cooling uses, Australian State of the Environment 
Committee (2002). 
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 As mentioned above, rise in the surface water temperature decreases the level of 
dissolved oxygen, which in turn harms the aquatic animals such as fish, amphibians and 
aquatic organisms, Goel (2006). Thermal pollution may also increase the metabolic rate of 
aquatic animals, as enzyme activity, resulting in these organisms consuming more food in 
a shorter time than under normal condition, Goel (2006). An increased metabolic rate of 
some organisms may also result in fewer resources; for other organisms that have not 
adapted to the warmer temperature. Food chains of the old and new environments may, 
therefore, be compromised, Kennish and Micheal (1992). 
 In Canada, environmental regulations for the maximum permissible surface water 
temperature vary from region to region and also from species to species, Environmental 
Management Act. (1981). Surface water temperature guidelines for general and specific 
species are defined for cold and twenty jurisdictions. For cold water designations, 
temperature criteria range from 8-240C with specific designations defined for spawning, 
incubation, rearing and migration. Listed species with special restrictions include bull 
trout and white sturgeon adopted protocols to establish allowable temperatures, are based 
on mean weekly average temperatures, maximum daily average temperatures or 
maximum daily temperatures. Maximum allowable temperature increases above ambient 
conditions range from 0.3-1.70C. However, temperature criteria for warm water 
designations range from 10-29.40 C with allowable increases up to 30C, Environmental 
Management Act. (1981). In a few cases, narrative statements are provided to limit 
alterations to natural thermal regimes or identify conditions under which further 
temperature increases are unacceptable, Oliver and Fidle (2001). 
 Thermal-electric power generation used 36,345 million cubic meter of water in 
2005, or 60 percent of the Canadian total. Almost all of this use is for cooling and is non-
consumptive, Alberta Environment (2010). However, most of these facilities have control 
on the maximum temperature of their discharge waters, and many of them use cooling 
ponds or towers, National Guidelines and Standards Office (2012). In the United States, 
about 75 to 82 percent of thermal pollution is generated by power plants, Laws and 
Edward (2000).  The remainder is from industrial sources such as petroleum refineries, 
pulp and paper mills, chemical plants, steel mills and smelters, US. Environmental 
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Protection Agency (EPA) (2002).  Heated water from various sources discussed above 
may be controlled with: 
• cooling ponds and cooling channels, which are man-made bodies of water 
designed for cooling by dilution, evaporation, convection, and radiation. 
• cooling towers, which transfer waste heat to the atmosphere through evaporation 
and/or heat transfer. 
• cogeneration, which is a process by which waste heat is recycled for domestic 
and/or industrial heating purposes, US. Environmental Protection Agency (EPA) 
(2008). 
 The choice of the cooling process for a particular case depends upon the facilities 
and conditions at the area of discharge. 
 Canada is well known for its abundant fresh water resources; with at least as 
many as two million lakes of all sizes covering, in total, almost 9% of the country, 
Environment Canada (1973). Not only, Canada has more lakes than any other country, it 
possesses a large fraction of containing much of the world's fresh water, Bailey et.al. 
(1997).  
 Unfortunately, Canadian lakes are gradually getting polluted day by day. Thermal 
discharges are one of the biggest sources behind this pollution and water degradation. 
Nowadays, environmental regulations in most countries, including Canada, require to be 
control the thermal discharge. When land is available near power plants and industries, 
the most suitable method to control thermal discharges has been recognized to be the 
cooling pond. A cooling pond requires a large catchment area for the pond. In addition a 
cooling pond is usually required to be connected  to a natural water body for the supply 
of ambient water for mixing, Najjar et. al. (1979). 
 Although Canada has large natural surface areas and volumes of water to dissipate 
the total excess heat in a closed system, the local environmental impact of thermal 
discharges near the sources can be significant. Researchers and scientists have, therefore, 
been conducting research to design cooling ponds which are both economical and 
efficient. Most notably,  Ryan and Harleman (1973) condu
cooling ponds. Jirka and Harleman (1979), Jirka and Watanabe (1980) and Adams and 
Koussis (1980) also classified and studied the performance of cooling ponds under 
steady-state and transient conditions.   
 It should be noted tha
they rely mainly on heat dissipation to the atmosphere to reduce the temperature of the 
water. For this reason, the required size of cooling ponds in most applications is relatively 
large, Jirka and Harleman (1979). 
 More recently, Baddour(1994) introduced the concept of a stratified cooling 
channel to decrease the size of cooling ponds.  Figure 1 illustrates the concept of a 
stratified cooling channel. The cooling channel is connected to a larger
water and is designed as a once
regulation is applied at the point of release into the natural water environment which is 
acting as a hydraulic control.
Figure 1: Concept of a Stratified Co
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 The structure and the design process of a cooling channel is similar to a cooling 
pond. The main structural difference between a cooling pond and a cooling channel is, 
the channel is narrower in width and shorter in length. The cooling channel becomes a 
cooling pond when the excess temperature is entirely allowed to be dissipated in the 
channel,  As demonstrated by Baddour(1994),  small allowable excess temperature at the 
outlet (e.g., 10C to 30C above ambient water temperature)  reduces considerably the size 
of a cooling channel in comparison to a cooling pond. Dilution plays an important role in 
reducing the temperature of water in a cooling channel. This dilution is occurring in a 
mixing region characterized by the formation of an internal hydraulic jump. Baddour and 
Abbink (1983), and Baddour (1987) investigated the hydraulics and mixing 
characteristics of the internal hydraulic jump in a channel of limited depth. Also Baddour 
(1994) represents a method for designing a stratified deep cooling channel for thermal 
discharges.   
 This thesis is mainly concerned with  an analytical and experimental investigation  
of a thermal discharge in a shallow channel, which is wider than the discharge of the 
thermal waste. This discharge configuration produces a vertically confined three-
dimensional internal hydraulic jump.        
1.2 OBJECTIVE AND APPROACH 
The objectives of the current thesis are: 
 
 1. Study  the  hydraulic properties (dilution, depth ratio etc.) of three dimensional 
internal hydraulic jumps in  a channel of specific depth and width. The study  is based on 
the momentum,   energy and the continuity equations.   
 2. Determine the vertical confinement effect on the flow by comparing two sets of 
analytical results of cooling channels of different depths.       
 3. Conduct  laboratory experiments of  internal hydraulic jumps with different 
initial densimetric Froude Numbers in a cooling channel of a limited depth and width 
ratio.   
 4. Conduct experiments to assess the symmetricity of the internal hydraulic 
jumps. 
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 5. Compare the behavior of deep and shallow internal hydraulic jumps 
 6. Draw conclusions by comparing the analytical and experimental results.    
1.3 MOTIVATION 
 As discussed above, the motivation behind this thesis is to study and analyze the 
hydraulic and mixing properties of cooling channels of limited depth and width ratio, so 
that the analysis could be used for designing a cooling channel which is more economical 
and technically sound. The main parameters affecting the flow in the mixing region of a 
cooling channel are described below.  
 
1.3.1 Densimetric Froude Number 
 Before introducing the  Densimetric Froude Number, it is important to know what 
the Froude Number is. Froude number is the ratio of inertia force to the gravitational 
force, Daugherty et al. (1989). In the case of the Densimetric Froude Number, the 
buoyancy replaces the gravity. The effect of buoyancy was described by Baddour (1990). 
This densimetric gravitational acceleration is denoted by g', which is also known as the 
effective gravity. For a rectangular cross section, the densimetric Froude number is 
defined as  
Densimetric	Froude	Number, Fr =   ... ... ... (1) 
Where, 
Q = low	rate	of	water	 
g = densimetric	gravitational	acceleration = ∆ρρ( 	g	 
∆ρ = density	difference	between	water	(hot	or	mixed)	and	the	ambient	water 
ρ( = density	of	ambient	water 
b = witdh	of	channel	(inlet	or	cooling) 
h = depth	of	water	(hot	or	mixed) 
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 There are two important Froude numbers in this study, namely the discharge (or 
initial) Froude number, Fr0 and the Froude number Fr1 downstream of the mixing region. 
1.3.2 Width Ratio 
 Width ratio is the ratio of two widths. In a cooling pond or channel, it is the ratio 
of pond or channel width to channel inlet width (hot water inlet). 
Width	Ratio, β = bb 
Here, b = width	of	the	pond	or	channel 
b = width	of	channel	inlet 
1.3.3 Depth Ratio 
 Depth ratio is the ratio of two depths. In a cooling pond or channel, it is the ratio 
of pond or channel depth to the depth of the channel inlet (hot water).  
Depth	Ratio, r3 =
h
h
 
Here, h = depth	of	the	pond	or	channel 
h = depth	of	the	channel	inlet(hot	water)	 
1.3.4 Internal Hydraulic Jump 
 Thermal hydraulic jump and density jump are the two distinctive types of internal 
hydraulic jump. The thermal hydraulic jump is an internal jump which is thermally 
stratified, Baddour (1990). In a thermal jump, the density field fully depends upon the 
temperature, where in case of density jump the density field fully depends upon the 
dissolved substances (e.g. salts), Baddour (1990) . 
1.3.5 Cooling Channel for Thermal Discharge 
 Cooling channel is a more recent technique for mixing thermal discharges with 
the ambient water to decrease the temperature of the discharges to such level that it 
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becomes safe to release into natural water bodies, Baddour (1994). In a cooling channel 
the thermal discharge enters from one side of the channel while colder water from a 
natural water body enters from the other side of the channel. In this thesis, a laboratory 
model was designed to simulate only the mixing region of a cooling channel.   
 It should be noted that to generate an internal hydraulic jump in a cooling 
channel, the discharge of hot water must be supercritical (Densimetric Froude Number, 
Fr0 >1). The colder ambient water is allowed to be entrained into the cooling from a 
wider and deeper water body, which is connected to the cooling channel, Baddour (1994). 
Downstream of the mixing region the flow  became subcritical (Densimetric Froude 
Number, Fr1 <1).   
1.4  LAYOUT OF THE THESIS 
 The layout of the thesis follows closely the objectives listed above in section 1.2. 
A brief description about the cooling pond technology and classifications is given in  
Chapter 2. The formulation of the equation and  analytical analysis based on this equation 
are presented in Chapter 3. Chapter 4 is devoted to the experimental work and analysis 
based on some specific geometric conditions.  The analytical and experimental results  
are discussed and compared in Chapter 5. Appendices A, B and C provide the tabulated 
data and results from this study and appendix D present some plots related to the 
symmetricity check of the thermal discharges. 
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CHAPTER 2 
LITERATURE REVIEW  OF WATER COOLING FACILITIES 
2.1 INTRODUCTION 
 Cooling lakes and cooling ponds are  two distinctive types of cooling 
impoundments. Cooling lakes are usually formed by impounding a natural river, thereby 
forming an artificial reservoir. Cooling lakes have an irregular shape and relatively large 
depth. Long dead-end side arms are frequently found. In addition to reducing water 
temperature, cooling lakes can be used for irrigation and recreation purposes, Jirka and 
Harleman (1979). 
 Cooling ponds are generally shallower than cooling lakes and may contain 
internal baffles and dikes to stream line  the flow from discharge to intake. A perched (or 
off-stream) cooling pond is defined as a man made water impoundment that does not 
impede the flow of a navigable stream or river. As a result, a cooling pond  does not 
hamper the natural flow in  water bodies. In contrast, a cooling lake is directly built on a 
stream or river and may affect the natural flow. Cooling ponds were found more efficient 
than cooling lakes in transferring heat. The heat transfer rate of a cooling lake is 
approximately 1.2-2.4 MW/hectare, while the heat transfer rate of a cooling pond is 
approximately 2.4-4.8 MW/hectare, Jirka and Harleman (1979).  
 Cooling ponds have been widely used for managing industrial heated discharges 
because they are more efficient than cooling lakes in transferring heat and do not hamper 
the natural flow of water. 
2.2 CLASSIFICATION OF COOLING PONDS 
 Cooling ponds can be classified according to their thermal structure. Thermal 
structure of a cooling pond can be defined as the temperature stratification (vertically or 
horizontally). Jirka and Watanabe (1980) used the dimensionless pond number 'P' to 
classify cooling ponds. The pond number defined in the following equation  determines 
the degree of mean vertical stratification.  
4 = 567
89:
;<∆=7>?
 ... ... ... (2) 
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where, 
 f = interfacial	friction	factor 
Q = Hot	water	low	rate	 
∆T = difference	in	temperature	between	hot	and	ambient	water 
β = coeffecient	of	thermal	expansion 
g = gravitational	acceleration 
H = average	pond	depth 
W = average	pond	width 
DA = entrance	dilution	ratio			of	plant	discharge 
L = pond	length	along	the	mean	low	through	path 
 
 Based on the value of the dimensionless pond number 'P', cooling ponds have 
been classified into three different groups. These three groups are described in the table 
below  by Jirka and Harleman (1979) 
Criterion Pond Type Characteristics 
Computation of thermal 
structure 
P < 0.3 
Well stratified deep 
pond 
Distinct thin surface over 
deeper subsurface layer; 
surface layer has horizontal 
temperature variation due to 
surface heat loss and down 
welling occurs at its end; 
subsurface layer has 
horizontally uniform 
temperature distribution  
hs = PH, in which hs = 
average surface layer 
thickness and H = 
average total depth 
0.3 ≤ P ≤ 1 
Partially stratified 
shallow pond 
No distinct surface layer, 
variable vertical 
stratification throughout 
pond 
(∆T0)avg = 0.45∆T0(1-P), 
in which (∆T0)avg = 
average vertical 
temperature difference 
between surface and 
bottom layers of pond 
P > 1 
Vertically fully 
mixed shallow pond 
No significant vertical 
stratification, only 
horizontal temperature 
variation 
(∆T0)avg = 0 
Table 1: Cooling pond classification in terms of thermal structure, Jirka and Harleman 
(1979) 
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 An alternative way to classify cooling ponds is to use the depth of water. 
According to their depth cooling ponds were classified as deep or shallow, Jirka and 
Harleman (1979) . 
 In deep cooling ponds, the role of currents is paramount within the top surface 
layer, Jirka and Harleman (1979). Currents in cooling ponds are the result of three 
mechanisms: 1) through flow (generated by pumping); 2) density differences; and 3) 
wind stresses. Currents influenced by through flow usually creates eddies near the 
discharge channel which resulted in a horizontal flow circulation or back flow. In the 
case of a deep pond, the current is more influenced by the density differences than by the 
through flow current. As a result  horizontal flow circulations are minimized and the flow 
in the top surface layer is largely independent of pond shape, Jirka and Harleman (1979). 
A low velocity return flow occurs in the subsurface layer that meets the vertical 
entrainment demand in the entrance mixing zone.  
 However, in shallow cooling ponds, the pond shape and the design of the 
discharge structure have a direct effect on horizontal pond circulations. It appears that 
ponds, or pond compartments, which have a wide open plan shape (small length / width 
ratios) have more tendency for recirculation, Jirka and Harleman (1979). On the other 
hand, even strongly channel design exhibits some, albeit localized, recirculation zones. 
Thus, the ratio of the area of recirculation zones to that of regular through flow zones 
may  be used as another criterion for pond classification, Jirka and Harleman (1979).  
 Based on the current structure (length and width ratio), shallow ponds can be 
divided into two distinctive groups. Jirka and Harleman (1979) have proposed the 
following classification based on the ratio L/W, where L = length of the channel and W = 
width of the channel in Table 2. 
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Criterion Pond Type Characteristics Computation of current 
structure 
L / W < 4 
Recirculating 
pond ( pond 
compartment) 
Pond (or pond compartment) has predominant 
recirculating eddy structure  
q = 0.25-0.40, in which 
q = fraction of jet zone 
(forward flow zone). 
L / W ≥ 4 
Dispersive pond 
(or pond 
compartment) 
Eddy zones are small compare to total pond area; 
pond behaviour is dominated by longitudinal 
dispersion process. [with the use of special 
(radial) discharge designs these characteristics 
can also be attained for L / W <4] 
--- 
Table 2: Classification of shallow cooling ponds in terms of current structure, Jirka and 
Harleman (1979) 
2.3 WORKING PRINCIPLE OF A COOLING POND 
 A cooling pond is a closed system used to dissipate the heat of thermal  waste 
discharges  so that it could not raise the temperature of  natural water bodies, Imberger 
and Hamblin (1982). Most of the heat in cooling ponds is dissipated by evaporation, 
Bengston and Harlan (2010). 
 Although most of the heat in a cooling pond is dissipated by evaporation, mixing 
the hot discharge water with ambient water also contributes in  reducing the temperature 
of water. Evaporation is more likely depending on natural conditions (wind, 
humidity..etc) , but mixing can be controlled by design , Arsen'ev et. al. (1997). The 
mixing characteristics  of deep and shallow cooling ponds are different and are discussed 
below, 
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2.3.1 Mixing Characteristics of Deep Cooling Pond 
 
Figure 2: Schematic representation of Deep Cooling Pond 
 In Figure 2, the hot water (or waste heat) is entering the cooling pond from the 
left hand side through an inlet channel. The pond  is directly attached with the natural 
water bodies, so that the ambient water can enter inside the pond and mixed water can 
makes it way out after fully dissipating the heat, Jirka and Watanabe (1980). 
 In a deep cooling pond  the ambient water moves vertically upwards and is mixed 
with the hot water, Jirka and Watanabe (1980). This vertical flow of ambient water is 
called the vertical entrainment. 
 According to Jirka and Harleman (1980), the horizontal recirculation (or back 
flow) in the case of a cooling pond, is negligible in comparison to the vertical 
entrainment. For this reason it has not been shown in Figure 2. 
2.3.2 Mixing Characteristics of Shallow Cooling Pond 
 In a shallow cooling pond, the working principle is quite similar to the deep 
cooling pond. The only difference is, in a shallow cooling pond the entrainment of 
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ambient water  is not vertical.  The ambient water is entrained towards the mixing region 
and initially moves horizontally parallel to the bottom of the pond. Figure 3, represents a 
schematic representation of the flow behaviour in a shallow cooling pond. 
 
Figure 3: Schematic representation of the Shallow Cooling Pond 
 The reason for such movement of ambient water is due to the shallowness of the 
pond. Due to the shallowness, the surface below the jump layer becomes contracted, as a 
result the cross sectional area becomes small. For a constant flow rate (Q=AV) of the 
ambient water from the natural water bodies, if the cross sectional area (A) becomes 
small, then the velocity (V) will be higher. Note, as the ambient water reaches  the 
entrance  wall of the cooling pond it  moves vertically due to obstruction of the wall.  
 In the case of a shallow pond, recirculation or back flow may or may not occur. It 
depends on the length to width ratio of the pond. A description  of this phenomenon was 
discussed in Table 2. 
2.4 MIXING REGION AND GRADUALLY VARIED FLOW REGION 
 The mixing region is located close to the inlet channel of the pond. As the hot 
water enters into the pond it rapidly mixed with the ambient water in the mixing zone. In 
this zone the flow remains supercritical (Fr>1). Downstream of the mixing region the 
flow  becomes subcritical (Fr<1) and gradually varied. The change of temperature in the 
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Figure 4: Schematic representation of two region in a cooling pond 
 
subcritical flow region is due to heat dissipation to the atmosphere. In the case of a 
cooling channel, the mixing zone plays a more important role than the gradually varied 
flow region in reducing the temperature of the discharge.   
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CHAPTER 3 
ANALYTICAL ANALYSIS OF THREE  
DIMENSIONAL INTERNAL HYDRAULIC JUMP 
 
3.1 INTRODUCTION 
 Hydraulic jumps in single-layer open channel flow have continuously attracted 
the attention of researchers and scientists because of their practical relevance in 
dissipating energy  downstream of hydraulic structures. 
 A hydraulic jump in a two-layer system is called an internal hydraulic jump. 
Similar to the single-layer hydraulic jump, the internal hydraulic jump is a rapid 
transition from supercritical to subcritical flow. When the two layers in channel are 
miscible, the internal jump is characterized by rapid mixing. The internal hydraulic jump 
phenomenon was studied in connection  to mixing channels and cooling channels, 
Baddour (1987,1990,1994).   
 The main objective of this thesis is to analyze and study the hydraulic behaviour 
of an internal hydraulic jump in a shallow channel, which is wider than the discharge. 
The analysis presented in this chapter is an extension of the work of Baddour (1987, 
1990, 1994).     
 The internal hydraulic jump considered here is illustrated in Figure 5. On one side 
of the channel hot water is discharged on the free surface with   a supercritical  initial 
Froude number (Fr0 > 1). On the other side of the channel, cold ambient water is 
entrained into the channel along the bottom. The channel is connected to a wider and 
deeper reservoir of cold water. An internal hydraulic jump is formed in the channel and 
the hot water is mixed with the ambient water.  Downstream of the jump the flow is 
subcritical (Fr1<1). It is assumed in the following analysis that the flow is uniform both 
upstream and downstream of the jump. The temperature data gathered in this study and 
reported in Chapter 4 is supporting this assumption.  Note, the internal hydraulic jump is 
three-dimensional since the channel is wider than the discharge. 
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Figure 5: Definition sketch of thermal hydraulic jump in a channel of limited depth and 
width 
3.2  GOVERNING  EQUATIONS FOR THREE DIMENSIONAL INTERNAL 
HYDRAULIC JUMP 
 
Figure 6: Schematic representation of the different parameters of the channel 
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 Different parameters affecting the flow in the channel are given in Figure 6. A 
momentum analysis is pursued in the following and applied to study the hydraulic and 
mixing properties of the internal hydraulic jump. A control section of fluid inside the 
channel was chosen for analysis.  
 According to Newton’s second law, when a steady state internal hydraulic jump is 
achieved,  the change in linear momentum flux in the horizontal direction is expected to 
be equal to the resultant force generated by hydrostatic and dynamic pressures acting on 
both sides of the jump. 
3.2.1 Hydrostatic and dynamic forces 
 The hydrostatic and dynamic forces acting on the internal hydraulic jump are 
defined as follows, Baddour (2010, private communication): 
Hydrostatic	force	due	to	back	low, PE = 12∆ρEgh3(b − b)……… (3) 
Hydrostatic	force	due	to	mixed	water, P = 12∆ρgh3b………(4) 
Hydrostatic	force	due	to	hot	water, P = 12∆ρgh3b………(5) 
Dynamic	force	due	to	ambient	low, P( = 12ρ( M
Q − Q
h − h N
3 bh
b3 ………(6) 
 
Using the above forces, the  momentum equation governing the flow in the horizontal 
direction  is (Baddour, 2010): 
ρQV + ρ((Q −Q)V( − ρQV = 12ρ( M
Q − Q
h − h N
3 bh
b3 +
1
2∆ρgh3b +
1
2∆ρEgh3(b − b) −	
1
2 ∆ρgh3b…(7) 
 
Where, ∆ρ = ρ − ρ(; 	∆ρE = ρE − ρ(; 	∆ρ = ρ − ρ( 
 
and 
ρ = density	of	mixed	water; ρ( = density	of	ambient	water; ρ = density	of	hot	water; ρE = density	of	back	low	water; Q = low	rate	of	mixed	water; Q = low	rate	of	hot	water; V = velocity	of	mixed	water; V( = velocity	of	ambient	water; 
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V = velocity	of	hot	water; 
b = width	of	the	channel; 
b = width	of	the	channel	inlet	(hot	water);	 
h = sequent	depth	of	the	jump;	 
h = depth	of	the	channel	inlet	(hot	water); 
h = depth	of	the	channel; 
g = acceleration	due	to	gravity 
 
 In Equation 7,  the density of the back flow of hot water in the eddies on both 
sides of the jump can  be assumed  to be equal to the density of the discharge. This 
assumption is well supported by experimental observations at low and moderate 
discharge Froude numbers.  It is a reasonable assumption since the back flow within the 
side eddies  is sufficiently close to the discharge, and therefore 
∆ρE ≈ ∆ρ………(8) 
Implementing this assumption, it can be shown that Equation 7  reduces to the following 
non-dimensional cubic equation in terms of the dilution µ, Baddour (2010). 
AμZ + A3μ3 + AZμ + A; = 0………(9) 
Where dilution at steady state is obtained by conserving heat and mass in the jump: 
Dilution, μ = QQ
= ∆T∆T
= ∆ρ∆ρ
= g

g
 
Where, 
 ∆T = T − T(; ∆T = T − T(; g = ]7^]_]_ g;	g
 = ]6^]_]_ g 
T = mixed	water	temperature; 
 
	T = hot	water	temperature; 
 
	T( = ambient	water	temperature; 
 
	g = densimetric	acceleration	due	to	gravity	of	the	hot	water; 
 
g = densimetric	acceleration	due	to	gravity	of	the	mixed	water 
and 
A = 2Fr3(1 + k) 
A3 = (−4Fr3k) 
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AZ = `2Fr3(k − βr) − βra 
A; = `−βr(β − 1 − βr3)a 
k =
b12 r3 − rc r
(r3 − r)3
	 
Fr =
Q
dg hZb3
= initial	Froude	number; 
β =	
b
b
= width	ratio; 
r =
h
h
= mixed	water	depth	ratio; 
r3 =
h
h
total	water	depth	ratio; 
Alternatively, Equation 7 can be non-dimensionalized and expressed in term of the mixed 
water depth ratio r1 instead of dilution	μ . This equation was found to be of the fifth order 
and shown below,   
Crf + C3r; + CZrZ + C;r3 + Cfr + Cg = 0………(10) 
Here,  
C = −β3;	 
C3 = −2β3r3; 
CZ = −2μβFr3 − β3 + β + β3r33; 
	C; = 2μZFr3 + 4μβFr3r3 + 2βμr3 + 2β3r3 − 2βr3 − 2(μ − 1)3Fr3μ; 
	Cf = −4μZFr3r3 − 2μβFr3r33 − βμr33 − β3r33 + (μ − 1)3μFr3r3 + βr33; 
	Cg = 2μZFr3r33 
Fr =
Q
dg hZb3
	= initial	Froude	number 
β =	
b
b
= width	ratio; 
r =
h
h
= mixed	water	depth	ratio; 
	r3 =
h
h
total	water	depth	ratio; 
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Since Equation 9 and Equation 10 are derived from the same equation (Equation 7), they 
are expected to produce consistent results. Equations 9 and 10 are polynomial equations. 
 MATLAB was used in this study to solve these equations. A 'script' was written 
based on the degree of the equation and solutions obtained using the 'roots' function in 
MATLAB. In the case of Equation 9 three roots were found. Only the positive roots were 
retained  as the dilution value. Negative or  imaginary roots were rejected. Similarly,  in 
the case of Equation 10, five roots were obtained. Among them two roots were negative 
and one root was showing higher value than the depth of the channel. As the physical 
solutions of interest represent the mixed water depth ratio, it could not be negative or 
higher than the depth of the channel. The remaining  two roots were positive and 
represented physical solutions for  the Supercritical and Subcritical depth ratios.  
 
Figure 7: Comparison of analytical results obtained with Equation 9 and Equation 10  
(Fr0 = 5; β1 = 5; r2 = 10) 
 It can be seen in Figure 7 that the analytical solutions plotted as depth ratio versus 
dilution using Equation 9 and Equation 10 are, as expected, practically the same. Both 
equations are equally valid  to analyze  the hydraulic properties of the internal hydraulic 
jump. 
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3.3 ANALYTICAL ANALYSIS OF THE INTERNAL HYDRAULIC JUMP 
 Some analytical analyses were performed using Equation 10. Two different cases 
were considered  with two different geometrical channel conditions. Both  channels had 
equal  width ratio (β1 = 5), but different total water depth ratio (r2). One of the channels 
had the total water depth ratio r2 = 10 while the other had r2 = 8. The depth ratio vs. 
dilution data were obtained for a range of initial Froude Number, and the results are 
presented and discussed in the following. 
3.3.1 ANALYSIS FOR CHANNEL 1 (β1 =5; r2 =10) 
 
Figure 8: Dimensionless Depth ratio versus Dilution  for different values of Initial Froude 
Number (β1 = 5; r2 = 10) 
 Figure 8 represents a graphical representation of depth ratio (r1) vs. dilution (µ) 
for different values of initial Froude Number (Fr0).  From the figure it can be seen that, 
for each initial Froude Number, there are two possible depth ratios for every dilution 
value. This dual solution occurs  until the flow becomes critical and  the downstream 
Froude Number (Fr1=1) . The smaller depth ratio represents a supercritical flow (Fr1>1), 
while the larger depth ratio represents the subcritical flow (Fr1<1). 
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 In Figure 8  it can also be  noticed that dilution  in the channel initially increases 
with the Initial Froude Number (Fr0). This behaviour is only valid  up to some specific 
value of the Initial Froude number.  In Figure 8  the maximum dilution occurs when the 
initial Froude Number, Fr0 = 5. Beyond this value the behaviour is different and dilution 
decreases with the initial Froude Number . The Critical depth ratio, on the other hand,  
behaves differently and is always  increasing within the  Initial Froude Number (Fr0).  
 In summary, for this specific channel (β1 = 5; r2 = 10)  a maximum dilution 
µ =3.344 ≈ 3.3 takes place when the Initial Froude Number Fr0 = 5 and the corresponding 
mixed water depth ratio r1 = 3.382 ≈ 3.4.   
3.3.2 ANALYSIS FOR CHANNEL 2 (β1 =5; r2 =8) 
 
Figure 9: Dimensionless Depth ratio versus Dilution for different values of Initial Froude 
Number (β1 = 5; r2 = 8) 
 
 The other  analysis shown in Figure 9 was performed  for a shallower (total  depth 
ratio,r2 = 8). This analysis was performed to confirm the depth ratio vs. dilution properties 
of the jump in a slightly shallower channel. 
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From Figure 9, it can be seen that the behaviour of the depth ratio vs. dilution plot has the 
same characteristics as in Figure 8. Also in this case, the maximum dilution  initially 
increases with the Initial Froude number up to some point (in this case also Fr0 = 5). 
Beyond this Froude number, the maximum dilution  decreases with the increase of Initial 
Froude Number.  
 The analysis of the two channels above showed consistent hydraulic behaviour 
and illustrated similar confinement effects on dilution at high Froude numbers. 
3.4 CRICITICAL DILUTION IN DEEP AND SHALLOW COOLING 
CHANNELS 
 
Figure 10: Comparison of Critical dilution in Deep & Shallow Cooling Channel 
 From Figure 10, it is quite clear that the deep and shallow channels have different 
trends. The behaviour of shallow channels has already been discussed in the previous 
sections of this chapter. In the case of deep channels, there is no particular maximum 
value for the critical dilution. Critical dilution  is always increasing with the increase in 
the Initial Froude Number . 
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CHAPTER 4 
EXPERIMENTAL METHOD AND ANALYSIS OF THE THREE  
DIMENSIONAL INTERNAL HYDRAULIC JUMP 
 
4.1 INTRODUCTION 
 This chapter is dedicated to the experimental setup, methods and analysis. 
Experimental set up and description of the apparatus are provided in the initial section of 
the chapter and the  next section is dedicated to the experimental results and analysis.   
4.2 DESCRIPTION OF THE EXPERIMENTAL SETUP 
 
Figure 11: Schematic representation of Experimental Setup 
 Figure 11 is a schematic representation of the apparatus used in this study to 
conduct experimental work in the laboratory on a shallow cooling channel. A brief 
description of the different compartments of the apparatus are given below, 
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Mixing valve: Mixing valve was used to mix the supply of hot and cold water to the 
laboratory, and control  the temperature of the thermal discharge (hot water) released into 
the cooling channel.  
 
Inlet box (Hot water): The inlet box was provided between the mixing valve and the inlet 
channel. The main function of the inlet box was to store the hot water before releasing it 
into the cooing channel. The hot water could be released directly inside the cooling 
channel, but some air bubbles were formed inside the pipes that could have affected the 
flow rate and buoyancy of the hot water. The inlet box eliminated these air bubbles, by 
allowing them to escape into the atmosphere.    
 
Inlet channel: The inlet channel was provided between the inlet box and the cooling 
channel. The top of the channel was open  to the atmosphere.  The inlet channel was 
designed to prevent formation of a vena contracta as the hot water discharge entered the 
cooling channel.  Such vena contracta would have altered the geometry of the discharge  
The height of the inlet channel was 2 inch (50.8 mm) and width was 1 inch (25.4mm).  
 
Cooling channel: The cooling channel compartment was the most essential part of this 
study . Mixing, back flow, internal hydraulic jump, and ambient water entrainment  took 
place inside this channel. 
 
 This cooling channel was made of styrofoam. The reason for using styrofoam was 
that it caused less friction with water. Also this material was  easy to cut  and assemble  
to change the dimensions of the channel whenever needed. The thickness of the 
styrofoam was 1 inch (25.4 mm). The length of the channel was 3 ft (914.4 mm) . The 
initial width of the channel was 5 inch (127 mm) and the initial height of the channel was 
10 inch (254 mm) . Later both the width and depth were changed to study  the effects of 
the width and depth ratios.   
Main channel: The main channel surrounded the cooling channel and simulated in the 
laboratory an ambient water environment, such as a lake or ocean, outside the cooling 
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channel. The cold ambient water was supplied to the main channel. Mixing occurred by 
entrainment of ambient water from the main channel  into the cooling channel. 
 
 The main channel was transparent and made of plexiglass. It was , therefore, 
possible  to observe the flow of water entering and leaving  the cooling channel.    
   
Side weirs: Two weirs were provided on  the  two sides of the main channel (see Figure 
11). The free surface and hence the depth of water inside the cooling channel was 
controlled by these weirs. When an experiment was performed, the mixed water floated 
on the surface of the ambient water and spilled over the weirs. The depth of water inside 
the cooling channel could be increased or decreased by simply raising or lowering the 
weirs, respectively. To achieve a symmetric flow the sills of both weirs were always 
adjusted to the same height. 
  
Ambient water inlet: The ambient water inlet supplied cold (ambient) water inside the 
cooling channel.  A special diffuser arrangement achieved  this purpose. This  diffuser 
was made of a perforated pipe which was placed laterally close to the bottom of the main 
channel (see Figure 11). The diffuser uniformly distributed the supply of ambient water 
across the channel due to the cluster of openings. 
 
Drain: Drains were provided just beside the weirs. They  drained the water flowing over 
the weirs.   
 
Outlets: They drained the water from the apparatus after an experiment was completed . 
 
 Thermocouples and a data acquisition system were used in this study to gather 
temperature data in the cooling channel. A brief description is as follows,  
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Figure 12: Schematic representation of the Thermocouples and  Data Acquisition System 
Wooden probe support: A T- shape wooden probe support was designed to hold the 
thermocouples for measuring the temperature inside the cooling channel. The flange of 
the wooden part had the same width as the cooling channel. As a result, it could be 
attached firmly to the cooling channel. The vertical part was constructed to hold the 
thermocouples in place. The width and height of the wooden frame support were changed 
to accommodate different experimental conditions and it was only 1/10th inch thick (2.54 
mm), to minimize its effect on the flow. 
Thermocouples: Type T-Thermocouple probes  were used to measure the temperature 
inside the cooling channel. The thermocouples were  0.0015 inch (0.038 mm) in 
diameter. One end of the thermocouples was connected to the data acquisition system, 
while the other end was attached to the probe support.   
Thin metal tubes: Thin tubes housing the thermocouples  were  2 inch (50.8 mm) in 
length and 0.05 inch (1.27 mm) in diameter. The tubes  provided proper reinforcement to 
the thermocouple wires and allowed temperature measurements inside the cooling 
channel at fixed desirable locations.   
Data acquisition box: It was used to transfer the data from the thermocouples  to the 
computer. All the thermocouples were connected to the box , which  transmitted the 
signals to the computer. A computer software converted the voltage signals from the 
thermocouples into temperature data in oC. 
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4.2.1 METHODOLOGY OF DATA ACQUISITION SYSTEM 
  As discussed above, the length of the cooling channel was 3 ft (914.4 mm) which 
was generally adequate to accommodate the mixing by the internal hydraulic jump . The  
length of the channel was divided into 12 measuring stations that were 1 inch (25.4 mm) 
apart. The vertical section of the wooden probe support was also divided into several 
vertical measuring  sections that were 1 inch (25.4 mm) apart. The wooden frame  height 
was changed according to the depth of the channel . 
 The thermocouples were first calibrated  before any experiment. The calibration 
was performed in the cooling channel filled with cold water.  Small correction factors 
(typically less than 0.50C) were needed to ensure that all thermocouples measure the 
same reference ambient temperature. Once the correction factors were obtained, the 
probe support was removed  from the channel and the hot water was released into the 
cooling channel to start the experiment. Once the internal jump and mixing were 
stabilized, the probe support was placed at each measuring station along the length of the 
cooling channel and the temperature profile measured at 2- second intervals for  a 
duration of 200 seconds, (i.e. for a total of 100 temperature data per thermocouple). The 
correction factors were then applied to the raw data and the mean temperature was 
calculated for  each thermocouple. 
4.2.2 METHODOLOGY FOR PLOTTING THE INTERNAL HYDRAULIC 
JUMP DATA 
 From the temperature data it was not possible to determine the exact location of  
the interface between the surface mixed layer and the ambient water below. A systematic 
analysis of the temperature data was undertaken to determine a good  estimate for the 
depth of the mixed layer. 
 The depth of the mixed layer in the cooling channel was defined in this study at 
the location where the temperature difference (T-Ta) is 5% of the initial temperature 
difference (To-Ta) of the discharge. Based on this criterion, the depth of the mixed layer 
was determined  along the length of the channel using the FORECAST tool of the 
Microsoft Office Excel. 
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4.3 CLASSIFICATION OF THE JUMP (BASED ON THE HOT WATER 
INITIAL FROUDE NUMBER) 
 Three types of hydraulic jumps were observed in the laboratory. They are listed 
below in a tabular form and described in the following sections. 
Hydraulic Jump type Hot water flow (gpm) Hot water flow (m3/s) Initial Froude Number 
1 1.4 0.00008834 3.16 
2 2.2 0.00013882 4.67 
3 5 0.0003155 11.51 
Table 3: Classification of different types of jump 
4.3.1 TYPE 1 (INITIAL FROUDE NUMBER, Fr0 = 3.16) 
 For this experiment the channel was 7 inch (177.8mm) deep and the initial depth 
(hot water inlet) of the water was 1.25 inch (31.75mm). The width of the hot water inlet 
channel and the cooling channel were 1 inch (25.4mm) and 5 inch (127mm) respectively. 
 
Figure 13: Dimensionless longitudinal plot of the Type 1 jump (Fr0=3.16) 
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 Figure 13 represents a graphical representation of the interface of Type 1  
hydraulic jump for three different sections along the width of the channel (middle, 2.5 
inch (63.5mm) from left & 2.5 inch (63.5mm) from right).  
 From the figure it can be seen that, the jump started later in  the middle section in 
comparison  to the left and right sections. The reason was likely because the hot water in 
the middle of the channel  had a higher velocity and remained supercritical for a longer 
distance. As a result, it flowed over a longer distance before it was mixed with the 
ambient water.   The interface downstream of the jump is stable and horizontal beyond 
x/ho=14 .    
4.3.2 TYPE 2 (INITIAL FROUDE NUMBER, Fr = 4.67) 
 
Figure 14: Dimensionless longitudinal plot of the Type 2 jump (Fr0=4.67) 
 Figure 14 represents a graphical representation of the interface of Type 2  
hydraulic jump for three different sections along the width of the channel (middle, 2.5 
(63.5mm) inch from left & 2.5 inch (63.5mm) from right). 
 From Figure 14 it can be seen that, the interface of the jump for both the middle 
and right sections are not stable downstream of the jump. But the left section interface is 
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stable and parallel to the bottom at the end of the channel. The reason could be that the 
flow in this case was not perfectly symmetrical . 
4.3.3 TYPE 3 (INTIAL FROUDE NUMBER, Fr0 = 11.51) 
 
Figure 15: Dimensionless longitudinal plot of the Type 3 jump (Fr0=11.51) 
 In Figure 15 it can be seen that, for all the three sections (middle, 2.5 inch 
(63.5mm) from left & 2.5 inch (63.5mm) from right) the hydraulic jump reached the 
bottom of the channel rather than mixing with the ambient water. Ambient water was not 
detectable inside the channel, and mixing did not take place.    
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4.4 COMPARISON OF DIFFERENT TYPES OF JUMP 
 The interface of the three different types of jump discussed above are compared in 
Figure 16   
 
Figure 16: Longitudinal view for comparing three types of jump  
 It can be concluded from Figure 16 that,  as the Initial Froude Number increased 
the depth of the jump increased and at some point the jump reached the  bottom of the 
channel.  The hot water did not mix with ambient water when the jump reached the 
bottom of the channel. 
4.5 MAXIMUM DILUTION CALCULATION 
 The maximum dilution achieved downstream of the jump  was determined 
analytically in Chapter 3 by solving the fifth order degree polynomial derived from the 
momentum equation. The maximum dilution was shown to correspond to a Froude 
Number Fr1 =1 . Since the temperature profiles were not perfectly uniform downstream 
of the jump, a simple averaging technique was implemented to determine the mean 
dilution downstream of the jump. 
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Figure 17: Temperature distribution along the length of the channel for Type 1 jump 
(Fr0=3.155) 
 Figure 17 shows the vertical temperature   profiles along the length of the cooling 
channel. Here the vertical distance was measured from the water surface and ∆T1 was the 
difference in temperature between the mixed water and ambient water. Form the figure it 
can be seen that up to 8th inch along the length of the channel  ∆T1 is greater than zero  
only for the first data point (close to the surface). The other data points with ∆T1 close to 
zero indicate ambient water temperature. From this observation it can be deducted that 
the depth of the interface of the hydraulic jump is approximately 2 inch . As the flow 
went beyond 8th inch from the channel inlet more and more data  had higher ∆T1 values. 
This means the depth of the interface  of the hydraulic jump is increasing with distance 
away from the inlet . This increase in the depth of the hydraulic jump continued up to 18th 
inch station. Beyond that distance  the jump became stable and the interface was 
horizontal and parallel to the bottom of the channel.   The mean dilution for each section 
after the 18th inch station  was determined as explained below, and the minimum value of 
∆T1 observed downstream of the jump was used to calculate the maximum dilution 
needed for a comparison with the theory.   
Figure 18: Typical excess temperature dis
 The mean excess temperature downstream of the jump (
dividing ‘A’ in Figure 18 (area of the composite section shown by hatches) by the depth  
of the jump (h) defined a
dilution downstream of the jump is given by  
Where	∆T  T H T(  
The maximum dilution obtained for this type 1 jump was 
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tribution at section along the length of the 
channel (18th inch) 
∆T
t the largest temperature gradient. Accordingly, the mean 
 
μ 
∆T
∆T
 
 
2.21. 
A h 
 
1)  was calculated by 
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Figure 19: Temperature distribution along the length of the channel for Type 2 jump 
(Fr0=4.67) 
 In Figure 19 it can be seen that up to the end of the channel, the jump was not 
fully stable , which means maximum dilution was not achieved. A longer channel would 
be needed to obtain a better estimate of the maximum dilution . For this case the 
maximum dilution was taken at the 24th inch station and its value was 2.56.  
 
Figure 20: Temperature distribution along the length of the channel for Type 3 jump 
(Fr0=11.514) 
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 In Figure 20, it can be seen that the temperature distribution for Type 3 jump is 
quite different than the other two types of jumps. In this case even in the last section (24th 
inch station) the  excess temperature (∆T) was  high (approximately 7.250C) even for  the 
thermocouple which was very close to the bottom of the channel. This observation 
suggests that ambient water was not present in the channel and mixing of hot water was 
minimal.    
 A summary of the results of maximum dilution for various  Initial Froude 
Numbers are given in the table below    
Initial 
Froude 
Number
, Fro 
Area, A 
(inch.celcius) 
Avg 
depth of 
the 
largest 
gradient
, h 
(inch) 
excess 
temperature
, ∆T1 = A/h 
Hot water 
temperature, 
To (celcius) 
Ambient 
water 
temperature, 
Ta (celcius) 
∆To 
(celcius) 
Maximum 
dilution, µ1 
3.16 18.21 3 6.07 32.5 17.74 14.76 2.21 
4.67 32.69 5 6.54 34 17.26 16.74 2.56 
11.51 --- --- --- 32 17.26 14.74 1 
Table 4: maximum dilution calculation 
4.6 COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS 
 
Figure 21: Comparison of Analytical and Experimental Results for µmax vs. Fr0 
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 The dilution obtained from the experiments summarized in Table 4 are compared 
in Figure 21 with the analytical results of the hydraulic theory presented in Chapter 3. 
Although only three data points were obtained in this study for the maximum dilution, it 
can be seen that the general trend predicted by the theory is consistent with the 
experimental results.  As discussed in Chapter 3, the maximum dilution is first expected 
to reach a peak and then drop to a minimum possible value of 1. The theoretical peak 
dilution of 2.88 in Figure 21 compares reasonably well with the peak dilution of 2.56 
obtained experimentally. More data points are certainly required to capture more 
precisely the peak. Also the theory predicts that dilution would drop to its minimum 
value of 1 when Fr0= 8.45. Therefore for discharges with Fr0 > 8.45, are expected to have 
a dilution of 1 according to the theory and this is in agreement with the data point in 
Figure 21 associated with the Type 3 jump (Fr0= 11.51). 
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CHAPTER 5 
CONCLUSIONS 
5.1 INTRODUCTION 
 The fundamental motivation of this study was to analyze the hydraulic behaviour 
of an internal hydraulic jump in a shallow channel, which is wider than the discharge. 
This study involved both analytical and experimental analysis. Analytical results were 
obtained using equations and assumptions while the experimental results were obtained 
using a prototype model of a cooling channel in the laboratory.   
5.1.1 Analytical Analysis of Three Dimensional Internal Hydraulic Jumps  
 Two different equations were obtained for analytical analysis. These equations 
were developed according to the Newton's second law. When a steady state internal 
hydraulic jump was achieved, the change in linear momentum flux in the horizontal 
direction was expected to be equal to the resultant force generated by hydrostatic and 
dynamic pressures acting on both sides of the jump.  The results obtained from both the 
equations were quite similar. The only difference is that one of equation is based on 
dilution (µ) while the other is based on depth ratio (r1).  
 Shallow channels of two different dimensions were selected for analytical 
analysis. For both the channels the width was 5 inch (127 mm), but the depth of the 
channels was different. One of them was 8 inch (203.2 mm) and the other one was 10 
inch (254 mm). However for both the channels the depth ratio (r1) vs. dilution (µ) curve 
showed the same trend for different Initial Froude Number (Fr0) values.  
 The depth ratio (r1)  increased with the increase in the Initial Froude Number (Fr0) 
, but the critical dilution (µ) increased with the increase in the Initial Froude Number 
(Fr0) only  up to some point. After that point the critical dilution (µ) decreased with the 
increase in the initial Froude Number (Fr0) . This particular trend was observed in  both 
cases that were analysed. In comparison, the critical dilution (µ) in a deep channel did not 
have a maximum value and always increased with the increase in the Initial Froude 
Number (Fr0) . 
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5.1.2 Experimental Analysis of Three Dimensional Internal Hydraulic Jumps 
 Experiments were performed in a prototype model of a cooling channel in the 
laboratory. The cooling channel was made of styro foam which was easy to cut and 
assemble to change the dimensions of the channel whenever needed.  A mixing valve was 
also installed to mix the hot and cold water to control the temperature of the thermal 
discharge (hot water) released into the cooling channel. Hot and cold water were supplied 
from the main water lines of the laboratory. An inlet channel was used to discharge the 
hot water (thermal discharge) in the cooling channel, while the ambient water was 
discharged from the opposite end of the channel. To control the depth of the water inside 
the channel, two side weirs were used. Thermocouples were used to measure the 
temperature of the mixed water inside the channel. The details of this laboratory 
experiment and data acquisition system were given in chapter 4.  
 Experiments were performed for three different cases (Fr0 = 3.16, 4.67 & 11.51). 
For the first case (Fr0 = 3.16) a stable jump was established. In the second case of Fr0 = 
4.67, the jump was unstable but it did not hit the bottom of the channel. For the last case 
there was actually no jump. The hot water hit the bottom right away.  
 The maximum dilutions were calculated for all these three cases and compared 
with the analytical results. Both the analytical and experimental plots of µmax vs. Fr0 
showed the same trend. 
5.2 LIMITATIONS OF THE STUDY 
 Although all the experiments were performed as accurately as possible, several 
errors might occurred during the experiments. Also some assumptions behind  the 
analytical equations  might not be sufficiently accurate. Some of these probable errors 
and assumptions are as follows, 
 While developing the equations (equation 9 or equation 10) for the 
analytical analysis in Chapter 3, it was assumed that ∆ρ = ∆ρE	where ∆ρ0 represents the 
density difference between the hot water and the ambient water and ∆ρe represents the 
density difference between the back flows or recirculate water and the ambient water. 
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This back flow water was some portion of the hot water (thermal discharge) which did 
not take place in mixing, rather created a roller near the edge of the cooling channel. The 
temperature and density of the back flow water was very close to the hot water 
temperature and density, but still it was not exactly the same, these little differences 
might affect the analytical solution.  
 In case of each experiment, (for a specific Initial Froude Number and 
dimension of the channel) the temperature and the flow rate of the hot water were 
assumed to be kept constant. But it was not practically  possible. Hot and cold water from 
the main supply line were first mixed in the mixing valve and then released in the inlet 
channel as the hot water (thermal discharge). The temperature and flow rate varied 
frequently in the main supply line, which made it impossible to maintain perfect steady 
state conditions . For this reason, the average hot water temperature and flow rate were 
taken. This little variation in flow and temperature might affect the experiment. 
 In the experimental analysis, the frictional losses were not included. The 
reason was that, the channel for the experiment was only 3ft in length and also it was 
made of styrofoam which was quite smooth (friction factor 0.6~0.9). Although the loss 
was quite negligible it could have an effect on the results. 
 In this thesis, only three experimental data were obtained for three 
different Initial Froude Number values. Obtaining data for more Initial Froude Number 
values could have given better plot for Maximum Critical Dilution vs. Initial Froude 
Number.  
5.3 FUTURE ASPECTS OF THIS STUDY 
 Based on the results of this study the followings are proposed to be considered in 
future research on cooling channels,   
 Both the analytical and experimental results can be used in the field for designing 
a cooling channel of limited depth and width.   
 Most of the analyses were based on the Mixing region. In the future, more 
analysis can be done for Heat Dissipation zone also to check the behavior of the jump and 
flow. 
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 In this thesis, experiments were performed for a particular width ratio.  In the 
future more experiments can be done for different width ratio to check the effect of width 
ratio. 
In this thesis, hot water was released into the cold water. Same experimental analysis can 
be performed using different concentrated waters or liquids(using salt, impurities etc.) 
rather than using different temperature waters. 
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APPENDIX  A: Tabulated Analytical Results for Chapter 3 
A.1.  Comparison of analytical results obtained with Equation 9 and Equation 10  
(Fr0 = 5; β1 = 5; r2 = 10)  
Equation 9 Equation 10 
Dilution, µ 
Subcritical 
depth ratio 
Super 
critical 
depth 
ratio 
Subcritical 
depth ratio 
Super 
critical 
depth ratio 
1 3.2217 0.1824 3.2209 0.1827 
1.25 3.5266 0.2903 3.5273 0.2901 
1.5 3.7803 0.425 3.7813 0.4249 
1.75 3.9884 0.5888 3.9881 0.5883 
2 4.1531 0.7849 4.1525 0.7853 
2.25 4.2736 1.0186 4.2732 1.0186 
2.5 4.3448 1.2986 4.3441 1.2981 
2.75 4.3537 1.6409 4.3512 1.6413 
3 4.2674 2.0806 4.2663 2.0809 
3.25 3.9576 2.7466 3.957 2.7469 
3.3 3.8076 2.968 3.8071 2.9672 
3.31 3.7652 3.0247 3.7659 3.0234 
3.32 3.7146 3.0897 3.7135 3.0891 
3.33 3.6496 3.1689 3.6485 3.1681 
3.34 3.549 3.2838 3.5481 3.2831 
3.344 3.4565 3.382 3.456 3.373 
 
A.2.  : Dimensionless Discharge graph for different values of Initial Froude Number (β1 = 
5; r2 = 10) 
Width 
Ratio, β 
Depth 
Ratio,r2 
initial 
Froude 
Number, 
Fr0 
Dilution, 
µ 
Subcritical 
depth(1) 
Supercritical 
depth(2) 
Froude 
Number, 
Fr(1) 
Froude 
Number, 
Fr(2) 
5 10 1 1 1.1535 0.0573 0.02606 212.616 
5 10 1 1.5 1.215 0.1614 0.07529 32.1087 
5 10 1 2 1.2096 0.3412 0.18093 8.05615 
5 10 1 2.5 1.0337 0.6983 0.56616 1.83578 
5 10 1 2.51 1.0233 0.7124 0.59062 1.74977 
5 10 1 2.52 1.0117 0.7277 0.61849 1.66143 
5 10 1 2.53 0.9987 0.7445 0.65063 1.57004 
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5 10 1 2.54 0.9834 0.7634 0.68957 1.47365 
5 10 1 2.55 0.9649 0.7856 0.73863 1.36828 
5 10 1 2.56 0.9397 0.8145 0.80908 1.24228 
5 10 1 2.563 0.9295 0.8258 0.83894 1.19619 
5 10 1 2.5694 0.879 0.879 1 1 
5 10 3 1 2.0617 0.1574 0.04108 92.3184 
5 10 3 1.5 2.3338 0.3833 0.09588 21.5756 
5 10 3 2 2.4454 0.7403 0.19861 7.09945 
5 10 3 2.5 2.2726 1.3657 0.48363 2.21144 
5 10 3 2.51 2.2618 1.3855 0.49644 2.14367 
5 10 3 2.54 2.2248 1.4493 0.54032 1.94136 
5 10 3 2.64 1.9364 1.8267 0.91716 1.09139 
5 10 3 2.641 1.8821 1.8821 1 1 
5 10 5 1 3.2217 0.1824 0.02991 164.788 
5 10 5 1.25 3.5266 0.2903 0.04482 79.8343 
5 10 5 1.5 3.7803 0.425 0.06403 43.9654 
5 10 5 1.75 3.9884 0.5888 0.089 26.2561 
5 10 5 2 4.1531 0.7849 0.12169 16.5468 
5 10 5 2.25 4.2736 1.0186 0.16466 10.7828 
5 10 5 2.5 4.3448 1.2986 0.22161 7.14354 
5 10 5 2.75 4.3537 1.6409 0.2988 4.7215 
5 10 5 3 4.2674 2.0806 0.41113 3.02193 
5 10 5 3.25 3.9576 2.7466 0.62838 1.69989 
5 10 5 3.3 3.8076 2.968 0.72453 1.42472 
5 10 5 3.31 3.7652 3.0247 0.75227 1.36254 
5 10 5 3.32 3.7146 3.0897 0.78593 1.29485 
5 10 5 3.33 3.6496 3.1689 0.83021 1.21711 
5 10 5 3.34 3.549 3.2838 0.90165 1.11259 
5 10 5 3.344 3.4193 3.4193 1 1 
5 10 8 1 10 5.0584 0.01978 152.235 
5 10 8 1.5 9.5972 6.0649 0.05448 14.6991 
5 10 8 2 8.8669 6.9833 0.24664 3.54875 
5 10 8 2.1 8.6236 7.2223 0.36645 2.53162 
5 10 8 2.2 8.2386 7.5904 0.64202 1.53281 
5 10 8 2.21 8.1721 7.6546 0.70364 1.4069 
5 10 8 2.22 8.0821 7.742 0.79511 1.2521 
5 10 8 2.221 8.0704 7.7535 0.80783 1.23318 
5 10 8 2.222 8.0578 7.7658 0.82163 1.21311 
5 10 8 2.2272 7.9508 7.8715 0.94844 1.05415 
5 10 8 2.2276 7.9111 7.9111 1 1 
5 10 10 1 10 6.3032 0.01597 116.368 
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5 10 10 1.25 9.7447 6.9968 0.03435 18.7885 
5 10 10 1.5 9.3287 7.6873 0.15098 4.97503 
5 10 10 1.6 9.0409 8.0446 0.33963 2.63368 
5 10 10 1.65 8.7682 8.3442 0.64518 1.51859 
5 10 10 1.652 8.7488 8.3645 0.67293 1.46105 
5 10 10 1.654 8.7272 8.3871 0.7051 1.3996 
5 10 10 1.656 8.7023 8.413 0.74368 1.33195 
5 10 10 1.658 8.6718 8.4444 0.79306 1.25344 
5 10 10 1.66 8.629 8.4882 0.86701 1.15087 
5 10 10 1.661 8.5899 8.5277 0.93914 1.06426 
5 10 10 1.662 8.5589 8.5589 1 1 
 
A.3.  Dimensionless Discharge graph for different values of Initial Froude Number (β1 = 
5; r2 = 8) 
Width 
Ratio, β 
Depth 
Ratio,r2 
initial 
Froude 
Number, 
Fr0 
Dilution, µ Subcritical 
depth(1) 
Supercritical 
depth(2) 
Froude 
Number, 
Fr(1) 
Froude 
Number, 
Fr(2) 
5 8 1 1 1.1535 0.0573 0.026062 212.6161 
5 8 1 1.5 1.2149 0.1615 0.075334 32.04916 
5 8 1 2 1.2086 0.3416 0.181515 8.027975 
5 8 1 2.5 1.0277 0.703 0.576476 1.799508 
5 8 1 2.51 1.0167 0.7178 0.602542 1.710887 
5 8 1 2.52 1.0045 0.7337 0.632236 1.62132 
5 8 1 2.54 0.9737 0.7718 0.710739 1.426399 
5 8 1 2.56 0.9203 0.8325 0.861679 1.163804 
5 8 1 2.561 0.9155 0.8378 0.876318 1.14321 
5 8 1 2.563 0.903 0.8509 0.915325 1.093811 
5 8 1 2.564 0.8933 0.861 0.946548 1.057032 
5 8 1 2.5641 0.892 0.8624 0.950801 1.052019 
5 8 1 2.5643 0.8889 0.8656 0.961 1.040647 
5 8 1 2.5645 0.8845 0.87 0.97563 1.025189 
5 8 1 2.5646 0.88 0.88 1 1 
5 8 3 1 2.0617 0.1574 0.04108 92.31841 
5 8 3 1.5 2.3334 0.3835 0.096375 21.54202 
5 8 3 2 2.4434 0.7423 0.201625 7.043204 
5 8 3 2.5 2.2603 1.3796 0.497816 2.149193 
5 8 3 2.6 2.0859 1.6438 0.708759 1.433874 
5 8 3 2.61 2.0526 1.686 0.751713 1.345198 
5 8 3 2.62 2.0087 1.7389 0.810352 1.241438 
5 8 3 2.63 1.93 1.8266 0.922205 1.085274 
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5 8 3 2.631 1.9121 1.8454 0.949016 1.05407 
5 8 3 2.6311 1.9097 1.8479 0.952653 1.049975 
5 8 3 2.6314 1.9043 1.8535 0.960985 1.040972 
5 8 3 2.6316 1.8972 1.8608 0.971873 1.02917 
5 8 3 2.6318 1.88 1.88 1 1 
5 8 5 1 3.2217 0.1824 0.029905 164.788 
5 8 5 1.5 3.7824 0.4253 0.067368 43.87288 
5 8 5 2 4.1729 0.7869 0.145777 16.42375 
5 8 5 2.5 4.4301 1.3066 0.303352 7.023499 
5 8 5 3 4.5339 2.1041 0.577876 2.956993 
5 8 5 3.1 4.5143 2.3301 0.646625 2.429842 
5 8 5 3.2 4.4565 2.6027 0.718322 1.957071 
5 8 5 3.3 4.3115 2.9642 0.796263 1.516509 
5 8 5 3.32 4.2602 3.0577 0.814927 1.42808 
5 8 5 3.34 4.1941 3.1653 0.836783 1.336717 
5 8 5 3.36 4.1038 3.296 0.865259 1.239179 
5 8 5 3.391 3.7 3.7 1 1 
5 8 6 1 3.8272 8 0.025687 225.5674 
5 8 6 1.5 4.5395 7.6745 0.064984 15.66891 
5 8 6 2 5.1278 7.1351 0.206988 4.483095 
5 8 6 2.1 5.2535 6.9834 0.268591 3.521864 
5 8 6 2.2 5.3958 6.8038 0.355903 2.713923 
5 8 6 2.3 5.5772 6.5738 0.494567 1.991133 
5 8 6 2.4 5.976 6.115 0.91023 1.098394 
5 8 6 2.41 6 6 1 1 
5 8 7 1 4.4404 8 0.022387 81.2347 
5 8 7 1.5 5.318 7.5714 0.082082 9.350596 
5 8 7 1.6 5.4847 7.4432 0.119601 6.559516 
5 8 7 1.7 5.6613 7.2903 0.180708 4.592332 
5 8 7 1.8 5.864 7.0969 0.288377 3.097477 
5 8 7 1.9 6.1527 6.804 0.53622 1.805878 
5 8 7 1.91 6.1966 6.759 0.58596 1.666252 
5 8 7 1.92 6.2487 6.7056 0.649853 1.51469 
5 8 7 1.93 6.3173 6.6356 0.742578 1.33634 
5 8 7 1.931 6.3259 6.6269 0.754936 1.315651 
5 8 7 1.932 6.335 6.6176 0.768206 1.293843 
5 8 7 1.939 6.49 6.49 1 1 
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A.4.  Comparison of Critical dilution in Deep & Shallow Cooling Channel 
For depth ratio, r2 = 5 
depth 
ratio 
Froude 
number 
maximum 
dilution 
5 1.5 2.342 
5 2 2.36 
5 2.5 2.468 
5 3 2.625 
5 3.5 2.752 
5 3.7 2.375 
5 3.85 2.221 
5 4 2.096 
For depth ratio, r2 = 10 
depth 
ratio 
Froude 
number 
maximum 
dilution 
10 1.5 2.36 
10 2 2.381 
10 2.5 2.492 
10 3 2.641 
10 3.5 2.808 
10 4 2.983 
10 4.5 3.161 
10 5 3.344 
10 5.5 3.538 
10 6 3.773 
10 6.2 3.377 
10 6.3 3.253 
10 6.4 3.149 
10 6.5 3.05 
10 7 2.702 
For depth ratio, r2 = 15 
depth 
ratio 
Froude 
number 
maximum 
dilution 
15 1.5 2.367 
15 2 2.391 
15 2.5 2.503 
15 3 2.658 
15 3.5 2.829 
15 4 3.007 
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15 4.5 3.187 
15 5 3.364 
15 5.5 3.541 
15 6 3.715 
15 6.5 3.889 
15 7 4.066 
15 7.5 4.25 
15 7.62 4.297 
15 7.75 4.35 
15 7.85 4.392 
15 7.95 4.436 
15 8 4.46 
15 8.05 4.484 
15 8.1 4.5 
15 8.11 4.515 
15 8.12 4.52 
15 8.14 4.531 
15 8.15 4.537 
15 8.2 4.567 
15 8.21 4.574 
15 8.22 4.58 
15 8.23 4.587 
15 8.24 4.357 
15 8.25 4.329 
15 8.3 4.22 
15 8.35 4.138 
15 8.4 4.069 
15 8.45 4.008 
15 8.5 3.951 
15 8.6 3.849 
15 8.8 3.676 
15 9.5 3.222 
15 10.5 2.771 
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APPENDIX  B: Geometric conditions of the channels for Experiments 
Jump 
type 
Initial Froude 
Number, Fr0 
Discharge, 
Q0 (gpm) 
Discharge, 
Q0(m
3
/s) h0(m) h(m) b0(m) b(m) 
ambient 
temp, Ta 
(
0
C) 
Hot 
water 
temp, T0 
(
0
C) 
1 3.16 1.4 8.83E-05 0.0318 17.78 0.025 0.127 17.24 32.5 
2 4.67 2.2 0.000139 0.0318 17.78 0.025 0.127 17.26 34 
3 11.51 5 0.000316 0.0318 17.78 0.025 0.127 17.26 32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
53 
 
APPENDIX  C: Tabulated Experimental Results for Chapter 4 
C.1.  Dimensionless longitudinal plot of the Type 1 jump (Fr0=3.16) 
2.5 inch from left 
longitudinal location of 
thermocouples x (inch) 
longitudinal location of 
thermocouples x (cm) 
values of z 
(cm) 
depth of hot 
water h0 (cm) 
x/h0 z/h0 
0 0 3.175 3.175 0 1 
2 5.08 3.372099 3.175 1.6 1.062078 
4 10.16 3.386535 3.175 3.2 1.066625 
6 15.24 5.98229 3.175 4.8 1.884186 
8 20.32 5.919391 3.175 6.4 1.864375 
10 25.4 6.108979 3.175 8 1.924088 
12 30.48 7.970416 3.175 9.6 2.510367 
14 35.56 8.517248 3.175 11.2 2.682598 
16 40.64 8.651332 3.175 12.8 2.724829 
18 45.72 8.601514 3.175 14.4 2.709138 
20 50.8 8.738709 3.175 16 2.752349 
22 55.88 8.744024 3.175 17.6 2.754023 
24 60.96 8.801188 3.175 19.2 2.772028 
 
2.5 inch from right 
longitudinal location of 
thermocouples x (inch) 
longitudinal location of 
thermocouples x (cm) 
values of z 
(cm) 
depth of hot 
water h0 (cm) 
x/h0 z/h0 
0 0 3.175 3.175 0 1 
2 5.08 3.149674 3.175 1.6 0.992023 
4 10.16 3.514063 3.175 3.2 1.106792 
6 15.24 6.045981 3.175 4.8 1.904246 
8 20.32 5.975881 3.175 6.4 1.882167 
10 25.4 6.097834 3.175 8 1.920578 
12 30.48 7.544229 3.175 9.6 2.376135 
14 35.56 8.07584 3.175 11.2 2.543572 
16 40.64 8.555989 3.175 12.8 2.6948 
18 45.72 8.590326 3.175 14.4 2.705614 
20 50.8 8.620287 3.175 16 2.715051 
22 55.88 8.663327 3.175 17.6 2.728607 
24 60.96 8.564141 3.175 19.2 2.697367 
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Center 
longitudinal location of 
thermocouples x (inch) 
longitudinal location of 
thermocouples x (cm) 
values of z 
(cm) 
h0 (cm) x/h0 z/h0 
0 0 3.175 3.175 0 1 
2 5.08 3.6426924 3.175 1.6 1.1473047 
4 10.16 3.7645843 3.175 3.2 1.1856958 
6 15.24 3.5925999 3.175 4.8 1.1315275 
8 20.32 3.7397412 3.175 6.4 1.1778712 
10 25.4 6.0756437 3.175 8 1.9135886 
12 30.48 6.177798 3.175 9.6 1.9457631 
14 35.56 7.9403724 3.175 11.2 2.5009047 
16 40.64 8.6609631 3.175 12.8 2.7278624 
18 45.72 8.8849557 3.175 14.4 2.7984113 
20 50.8 8.8363184 3.175 16 2.7830924 
22 55.88 12.154809 3.175 17.6 3.8282863 
24 60.96 12.181928 3.175 19.2 3.8368277 
      
C.2.  Dimensionless longitudinal plot of the Type 2 jump (Fr0=4.67) 
2.5 inch from left 
longitudinal location of 
thermocouples x (inch) 
longitudinal location of 
thermocouples x (cm) 
Values of z, 
cm 
h0 (cm) x/h0 z/h0 
0 0 3.175 3.175 0 1 
2 5.08 5.5436675 3.175 1.6 1.746037 
4 10.16 8.1243196 3.175 3.2 2.5588408 
6 15.24 6.148446 3.175 4.8 1.9365184 
8 20.32 8.2086797 3.175 6.4 2.5854109 
10 25.4 8.6496124 3.175 8 2.7242874 
12 30.48 10.513196 3.175 9.6 3.3112428 
14 35.56 11.046221 3.175 11.2 3.4791246 
16 40.64 12.810902 3.175 12.8 4.0349298 
18 45.72 13.216255 3.175 14.4 4.1625999 
20 50.8 13.558022 3.175 16 4.270243 
22 55.88 13.708758 3.175 17.6 4.317719 
24 60.96 13.737584 3.175 19.2 4.326798 
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2.5 inch from right 
longitudinal location of 
thermocouples x (inch) 
longitudinal location of 
thermocouples x (cm) 
Values of z 
(cm) 
h0 (cm) x/h0 z/h0 
0 0 3.175 3.175 0 1 
2 5.08 5.5848239 3.175 1.6 1.7589996 
4 10.16 6.1145549 3.175 3.2 1.9258441 
6 15.24 6.1812052 3.175 4.8 1.9468363 
8 20.32 6.3273026 3.175 6.4 1.9928512 
10 25.4 8.8956962 3.175 8 2.8017941 
12 30.48 11.131524 3.175 9.6 3.5059917 
14 35.56 11.964908 3.175 11.2 3.7684748 
16 40.64 13.489624 3.175 12.8 4.2487004 
18 45.72 13.700778 3.175 14.4 4.3152057 
20 50.8 16.119662 3.175 16 5.077059 
22 55.88 16.468831 3.175 17.6 5.1870333 
24 60.96 15.998973 3.175 19.2 5.0390468 
 
Center 
longitudinal location of 
thermocouples x (inch) 
longitudinal location of 
thermocouples x (cm) 
values of z 
(cm) 
h0 (cm) x/h0 z/h0 
0 0 3.175 3.175 0 1 
2 5.08 5.5436675 3.175 1.6 1.746037 
4 10.16 3.6803184 3.175 3.2 1.1591554 
6 15.24 5.8229284 3.175 4.8 1.8339932 
8 20.32 7.9034189 3.175 6.4 2.4892658 
10 25.4 9.4059975 3.175 8 2.9625189 
12 30.48 11.154318 3.175 9.6 3.5131709 
14 35.56 11.265116 3.175 11.2 3.548068 
16 40.64 13.132295 3.175 12.8 4.136156 
18 45.72 13.753016 3.175 14.4 4.3316585 
20 50.8 13.847338 3.175 16 4.3613664 
22 55.88 13.878837 3.175 17.6 4.3712872 
24 60.96 15.666481 3.175 19.2 4.9343247 
 
C.3.  Dimensionless longitudinal plot of the Type 3 jump (Fr0=11.51) 
2.5 inch from left 
longitudinal location of 
thermocouples x (inch) 
longitudinal location of 
thermocouples x (cm) 
values of z 
(cm) 
h0 (cm) x/h0 z/h0 
0 0 17.78 3.175 0 5.6 
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2 5.08 17.78 3.175 1.6 5.6 
4 10.16 17.78 3.175 3.2 5.6 
6 15.24 17.78 3.175 4.8 5.6 
8 20.32 17.78 3.175 6.4 5.6 
10 25.4 17.78 3.175 8 5.6 
12 30.48 17.78 3.175 9.6 5.6 
14 35.56 17.78 3.175 11.2 5.6 
16 40.64 17.78 3.175 12.8 5.6 
18 45.72 17.78 3.175 14.4 5.6 
20 50.8 17.78 3.175 16 5.6 
22 55.88 17.78 3.175 17.6 5.6 
24 60.96 17.78 3.175 19.2 5.6 
 
2.5 inch from right 
longitudinal location of 
thermocouples x (inch) 
longitudinal location of 
thermocouples x (cm) 
values of z 
(cm) 
h0 (cm) x/h0 z/h0 
0 0 17.78 3.175 0 5.6 
2 5.08 17.78 3.175 1.6 5.6 
4 10.16 17.78 3.175 3.2 5.6 
6 15.24 17.78 3.175 4.8 5.6 
8 20.32 17.78 3.175 6.4 5.6 
10 25.4 17.78 3.175 8 5.6 
12 30.48 17.78 3.175 9.6 5.6 
14 35.56 17.78 3.175 11.2 5.6 
16 40.64 17.78 3.175 12.8 5.6 
18 45.72 17.78 3.175 14.4 5.6 
20 50.8 17.78 3.175 16 5.6 
22 55.88 17.78 3.175 17.6 5.6 
24 60.96 17.78 3.175 19.2 5.6 
 
Center 
longitudinal location of 
thermocouples x (inch) 
longitudinal location of 
thermocouples x (cm) 
values of z 
(cm) 
h0 (cm) x/h0 z/h0 
0 0 3.175 3.175 0 1 
2 5.08 17.78 3.175 1.6 5.6 
4 10.16 17.78 3.175 3.2 5.6 
6 15.24 17.78 3.175 4.8 5.6 
8 20.32 17.78 3.175 6.4 5.6 
10 25.4 17.78 3.175 8 5.6 
12 30.48 17.78 3.175 9.6 5.6 
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14 35.56 17.78 3.175 11.2 5.6 
16 40.64 17.78 3.175 12.8 5.6 
18 45.72 17.78 3.175 14.4 5.6 
20 50.8 17.78 3.175 16 5.6 
22 55.88 17.78 3.175 17.6 5.6 
24 60.96 17.78 3.175 19.2 5.6 
 
C.4.  Temperature distribution along the length of the channel for Type 1 jump 
(Fr0=3.16) 
(x,y,z) 
initial 
temperature, 
T0 (
0
C) 
mixing 
temperature, 
T1(
0
C) 
ambient 
temperature,T2(
0
C) 
ΔT1 (
0
C) 
Vertical 
distances  
(inch) 
2,0,.5 32.5 28.3778288 17.2717601 11.106069 0.5 
2,0,1.5 32.5 17.3037307 17.2717601 0.0319706 1.5 
2,0,2.5 32.5 17.4260518 17.2717601 0.1542916 2.5 
2,0,3.5 32.5 17.1634531 17.2717601 -0.108307 3.5 
2,0,4.5 32.5 17.5096113 17.2717601 0.2378512 4.5 
2,0,5.5 32.5 17.6819686 17.2717601 0.4102084 5.5 
2,0,6.5 32.5 17.599863 17.2717601 0.3281029 6.5 
4,0,.5 32.5 28.5214251 17.2717601 11.249665 0.5 
4,0,1.5 32.5 17.8422258 17.2717601 0.5704657 1.5 
4,0,2.5 32.5 17.5224553 17.2717601 0.2506951 2.5 
4,0,3.5 32.5 17.4802082 17.2717601 0.2084481 3.5 
4,0,4.5 32.5 17.6719656 17.2717601 0.4002054 4.5 
4,0,5.5 32.5 17.5279844 17.2717601 0.2562243 5.5 
4,0,6.5 32.5 17.6505892 17.2717601 0.3788291 6.5 
6,0,.5 32.5 24.923117 17.3717601 7.5513568 0.5 
6,0,1.5 32.5 17.3882591 17.3717601 0.016499 1.5 
6,0,2.5 32.5 17.6445974 17.3717601 0.2728372 2.5 
6,0,3.5 32.5 17.4836493 17.3717601 0.1118892 3.5 
6,0,4.5 32.5 17.7609327 17.3717601 0.3891726 4.5 
6,0,5.5 32.5 17.5663486 17.3717601 0.1945884 5.5 
6,0,6.5 32.5 17.7508559 17.3717601 0.3790957 6.5 
8,0,.5 32.5 24.5248398 17.4717601 7.0530796 0.5 
8,0,1.5 32.5 17.8484982 17.4717601 0.376738 1.5 
8,0,2.5 32.5 17.5990257 17.4717601 0.1272656 2.5 
8,0,3.5 32.5 17.4987929 17.4717601 0.0270327 3.5 
8,0,4.5 32.5 17.6578624 17.4717601 0.1861023 4.5 
8,0,5.5 32.5 17.8137101 17.4717601 0.3419499 5.5 
8,0,6.5 32.5 17.6681821 17.4717601 0.196422 6.5 
10,0,.5 32.5 24.8640072 17.5717601 7.292247 0.5 
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10,0,1.5 32.5 20.3496763 17.5717601 2.7779161 1.5 
10,0,2.5 32.5 17.752657 17.5717601 0.1808968 2.5 
10,0,3.5 32.5 17.6547314 17.5717601 0.0829713 3.5 
10,0,4.5 32.5 17.8163159 17.5717601 0.2445558 4.5 
10,0,5.5 32.5 17.9226808 17.5717601 0.3509206 5.5 
10,0,6.5 32.5 17.9221439 17.5717601 0.3503838 6.5 
12,0,.5 32.5 24.8161027 17.5717601 7.2443425 0.5 
12,0,1.5 32.5 21.9853358 17.5717601 4.4135756 1.5 
12,0,2.5 32.5 17.7457445 17.5717601 0.1739844 2.5 
12,0,3.5 32.5 17.6763167 17.5717601 0.1045566 3.5 
12,0,4.5 32.5 17.7636027 17.5717601 0.1918425 4.5 
12,0,5.5 32.5 17.766211 17.5717601 0.1944508 5.5 
12,0,6.5 32.5 17.840099 17.5717601 0.2683389 6.5 
14,0,.5 32.5 24.4981228 17.5717601 6.9263627 0.5 
14,0,1.5 32.5 22.4206237 17.5717601 4.8488635 1.5 
14,0,2.5 32.5 18.6412515 17.5717601 1.0694914 2.5 
14,0,3.5 32.5 17.6700817 17.5717601 0.0983216 3.5 
14,0,4.5 32.5 17.7249312 17.5717601 0.153171 4.5 
14,0,5.5 32.5 17.7714321 17.5717601 0.199672 5.5 
14,0,6.5 32.5 17.858524 17.5717601 0.2867639 6.5 
16,0,.5 32.5 24.8335086 17.733703 7.0998056 0.5 
16,0,1.5 32.5 23.1506498 17.733703 5.4169468 1.5 
16,0,2.5 32.5 19.9045249 17.733703 2.1708219 2.5 
16,0,3.5 32.5 17.811441 17.733703 0.077738 3.5 
16,0,4.5 32.5 17.7724367 17.733703 0.0387336 4.5 
16,0,5.5 32.5 17.8730292 17.733703 0.1393262 5.5 
16,0,6.5 32.5 17.8738988 17.733703 0.1401958 6.5 
18,0,.5 32.5 24.8741345 17.7370301 7.1371044 0.5 
18,0,1.5 32.5 23.7439898 17.7370301 6.0069597 1.5 
18,0,2.5 32.5 21.5697006 17.7370301 3.8326705 2.5 
18,0,3.5 32.5 17.9930757 17.7370301 0.2560455 3.5 
18,0,4.5 32.5 17.768694 17.7370301 0.0316639 4.5 
18,0,5.5 32.5 17.8902406 17.7370301 0.1532105 5.5 
18,0,6.5 32.5 17.8922416 17.7370301 0.1552115 6.5 
20,0,.5 32.5 24.9919658 17.8870301 7.1049356 0.5 
20,0,1.5 32.5 23.9600102 17.8870301 6.0729801 1.5 
20,0,2.5 32.5 21.6445532 17.8870301 3.757523 2.5 
20,0,3.5 32.5 17.9214937 17.8870301 0.0344636 3.5 
20,0,4.5 32.5 17.9202074 17.8870301 0.0331772 4.5 
20,0,5.5 32.5 17.9970064 17.8870301 0.1099763 5.5 
20,0,6.5 32.5 18.1182066 17.8870301 0.2311764 6.5 
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22,0,.5 32.5 25.3530505 17.9370301 7.4160204 0.5 
22,0,1.5 32.5 24.3970406 17.9370301 6.4600105 1.5 
22,0,2.5 32.5 22.9825041 17.9370301 5.0454739 2.5 
22,0,3.5 32.5 18.1082934 17.9370301 0.1712633 3.5 
22,0,4.5 32.5 18.0098153 17.9370301 0.0727852 4.5 
22,0,5.5 32.5 17.9760447 17.9370301 0.0390146 5.5 
22,0,6.5 32.5 17.978453 17.9370301 0.0414229 6.5 
24,0,.5 32.5 25.5200114 17.7370301 7.7829813 0.5 
24,0,1.5 32.5 24.5041962 17.7370301 6.767166 1.5 
24,0,2.5 32.5 23.3074343 17.7370301 5.5704042 2.5 
24,0,3.5 32.5 18.1926633 17.7370301 0.4556332 3.5 
24,0,4.5 32.5 17.814228 17.7370301 0.0771979 4.5 
24,0,5.5 32.5 17.9039157 17.7370301 0.1668855 5.5 
 
C.5.  Temperature distribution along the length of the channel for Type 2 jump 
(Fr0=4.67) 
(x,y,z) 
initial 
temperature, 
T0 (
0
C) 
mixing 
temperature, 
T1 (
0
C) 
ambient 
Temperature,T2 
(
0
C) 
ΔT1 (
0
C) 
Vertical 
distances 
in inch 
2,0,.5 34 28.5170903 17.2574018 11.259689 0.5 
2,0,1.5 34 19.3314774 17.2574018 2.0740755 1.5 
2,0,2.5 34 17.5192256 17.2574018 0.2618238 2.5 
2,0,3.5 34 17.3017798 17.2574018 0.0443779 3.5 
2,0,4.5 34 17.5605819 17.2574018 0.3031801 4.5 
2,0,5.5 34 17.2623207 17.2574018 0.0049188 5.5 
2,0,6.5 34 17.5013712 17.2574018 0.2439693 6.5 
4,0,.5 34 25.7443345 17.2574018 8.4869327 0.5 
4,0,1.5 34 17.6829519 17.2574018 0.4255501 1.5 
4,0,2.5 34 17.6329454 17.2574018 0.3755435 2.5 
4,0,3.5 34 17.4505184 17.2574018 0.1931165 3.5 
4,0,4.5 34 17.669808 17.2574018 0.4124062 4.5 
4,0,5.5 34 17.2597448 17.2574018 0.002343 5.5 
4,0,6.5 34 17.3613485 17.2574018 0.1039467 6.5 
6,0,.5 34 26.7584589 17.3025594 9.4558995 0.5 
6,0,1.5 34 20.1429918 17.3025594 2.8404325 1.5 
6,0,2.5 34 17.6122891 17.3025594 0.3097297 2.5 
6,0,3.5 34 17.5083066 17.3025594 0.2057472 3.5 
6,0,4.5 34 17.5493841 17.3025594 0.2468247 4.5 
6,0,5.5 34 17.4415323 17.3025594 0.1389729 5.5 
6,0,6.5 34 17.5691423 17.3025594 0.2665829 6.5 
8,0,.5 34 28.1722372 17.2574018 10.914835 0.5 
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8,0,1.5 34 23.3279085 17.2574018 6.0705066 1.5 
8,0,2.5 34 19.032192 17.2574018 1.7747902 2.5 
8,0,3.5 34 17.4990209 17.2574018 0.241619 3.5 
8,0,4.5 34 17.5867972 17.2574018 0.3293953 4.5 
8,0,5.5 34 17.3616924 17.2574018 0.1042906 5.5 
8,0,6.5 34 17.4628602 17.2574018 0.2054583 6.5 
10,0,.5 34 27.0593003 17.2574018 9.8018985 0.5 
10,0,1.5 34 23.8266237 17.2574018 6.5692218 1.5 
10,0,2.5 34 22.2008377 17.2574018 4.9434359 2.5 
10,0,3.5 34 18.2313282 17.2574018 0.9739264 3.5 
10,0,4.5 34 17.5579469 17.2574018 0.3005451 4.5 
10,0,5.5 34 17.3487828 17.2574018 0.0913809 5.5 
10,0,6.5 34 17.4705206 17.2574018 0.2131188 6.5 
12,0,.5 34 26.366718 17.2574018 9.1093162 0.5 
12,0,1.5 34 23.7220152 17.2574018 6.4646133 1.5 
12,0,2.5 34 22.7110013 17.2574018 5.4535995 2.5 
12,0,3.5 34 21.2872834 17.2574018 4.0298815 3.5 
12,0,4.5 34 17.7058117 17.2574018 0.4484098 4.5 
12,0,5.5 34 17.4135007 17.2574018 0.1560989 5.5 
12,0,6.5 34 17.436687 17.2574018 0.1792852 6.5 
14,0,.5 34 25.8366948 17.2574018 8.5792929 0.5 
14,0,1.5 34 23.752479 17.2574018 6.4950772 1.5 
14,0,2.5 34 23.272247 17.2574018 6.0148452 2.5 
14,0,3.5 34 22.4669225 17.2574018 5.2095207 3.5 
14,0,4.5 34 17.7909937 17.2574018 0.5335918 4.5 
14,0,5.5 34 17.4017119 17.2574018 0.1443101 5.5 
14,0,6.5 34 17.601575 17.2574018 0.3441731 6.5 
16,0,.5 34 25.7087999 17.2574018 8.4513981 0.5 
16,0,1.5 34 23.832159 17.2574018 6.5747571 1.5 
16,0,2.5 34 22.9892001 17.2574018 5.7317982 2.5 
16,0,3.5 34 22.7020771 17.2574018 5.4446753 3.5 
16,0,4.5 34 19.3266731 17.2574018 2.0692712 4.5 
16,0,5.5 34 17.4881914 17.2574018 0.2307896 5.5 
16,0,6.5 34 17.582252 17.2574018 0.3248502 6.5 
18,0,.5 34 23.1962993 17.2574018 5.9388974 0.5 
18,0,1.5 34 21.9992428 17.2574018 4.7418409 1.5 
18,0,2.5 34 21.6364337 17.2574018 4.3790319 2.5 
18,0,3.5 34 21.2219113 17.2574018 3.9645095 3.5 
18,0,4.5 34 20.5710971 17.2574018 3.3136953 4.5 
18,0,5.5 34 17.8632051 17.2574018 0.6058033 5.5 
18,0,6.5 34 17.3278455 17.2574018 0.0704437 6.5 
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20,0,.5 34 23.8886411 17.2574018 6.6312392 0.5 
20,0,1.5 34 22.7857889 17.2574018 5.528387 1.5 
20,0,2.5 34 22.7948975 17.2574018 5.5374956 2.5 
20,0,3.5 34 22.4406961 17.2574018 5.1832943 3.5 
20,0,4.5 34 21.5749278 17.2574018 4.3175259 4.5 
20,0,5.5 34 17.917928 17.2574018 0.6605262 5.5 
20,0,6.5 34 17.5466233 17.2574018 0.2892215 6.5 
22,0,.5 34 24.3905604 17.2574018 7.1331585 0.5 
22,0,1.5 34 23.5954628 17.2574018 6.338061 1.5 
22,0,2.5 34 23.2896657 17.2574018 6.0322639 2.5 
22,0,3.5 34 23.0530604 17.2574018 5.7956586 3.5 
22,0,4.5 34 22.9092582 17.2574018 5.6518564 4.5 
22,0,5.5 34 17.9152931 17.2574018 0.6578913 5.5 
22,0,6.5 34 17.3973215 17.2574018 0.1399196 6.5 
24,0,.5 34 24.6758698 17.2574018 7.418468 0.5 
24,0,1.5 34 24.1686038 17.2574018 6.9112019 1.5 
24,0,2.5 34 24.0374401 17.2574018 6.7800383 2.5 
24,0,3.5 34 24.0236806 17.2574018 6.7662788 3.5 
24,0,4.5 34 23.5933274 17.2574018 6.3359256 4.5 
24,0,5.5 34 19.2474829 17.2574018 1.9900811 5.5 
24,0,6.5 34 17.5212648 17.2574018 0.2638629 6.5 
 
C.6.  Temperature distribution along the length of the channel for Type 3 jump 
(Fr0=11.51) 
(x,y,z) 
initial 
temperature, 
T0 (
0
C) 
mixing 
temperature, 
T1 (
0
C) 
ambient 
Temperature,T2 
(
0
C) 
ΔT1 (
0
C) 
Vertical 
distances  
(inch) 
2,0,.5 33 31.70343 17.257402 14.446028 0.5 
2,0,1.5 33 30.296717 17.257402 13.039315 1.5 
2,0,2.5 33 26.09011 17.257402 8.8327077 2.5 
2,0,3.5 33 25.911706 17.257402 8.6543041 3.5 
2,0,4.5 33 25.183999 17.257402 7.9265972 4.5 
2,0,5.5 33 24.286063 17.257402 7.0286614 5.5 
2,0,6.5 33 23.62327 17.257402 6.3658679 6.5 
4,0,.5 33 31.0314 17.257402 13.773998 0.5 
4,0,1.5 33 29.529969 17.257402 12.272567 1.5 
4,0,2.5 33 26.575562 17.257402 9.3181606 2.5 
4,0,3.5 33 26.601633 17.257402 9.3442316 3.5 
4,0,4.5 33 26.344929 17.257402 9.0875276 4.5 
4,0,5.5 33 25.442569 17.257402 8.1851675 5.5 
4,0,6.5 33 24.661787 17.257402 7.4043855 6.5 
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6,0,.5 33 30.063446 17.257402 12.806045 0.5 
6,0,1.5 33 29.734898 17.257402 12.477496 1.5 
6,0,2.5 33 28.083528 17.257402 10.826126 2.5 
6,0,3.5 33 27.683024 17.257402 10.425622 3.5 
6,0,4.5 33 27.098041 17.257402 9.8406392 4.5 
6,0,5.5 33 26.078272 17.257402 8.8208703 5.5 
6,0,6.5 33 25.421219 17.257402 8.1638168 6.5 
8,0,.5 33 29.432258 17.257402 12.174856 0.5 
8,0,1.5 33 28.503487 17.257402 11.246085 1.5 
8,0,2.5 33 27.285456 17.257402 10.028054 2.5 
8,0,3.5 33 26.461064 17.257402 9.2036625 3.5 
8,0,4.5 33 26.067063 17.257402 8.8096612 4.5 
8,0,5.5 33 24.952356 17.257402 7.6949539 5.5 
8,0,6.5 33 24.291789 17.257402 7.0343873 6.5 
10,0,.5 33 28.910108 17.257402 11.652706 0.5 
10,0,1.5 33 28.18888 17.257402 10.931478 1.5 
10,0,2.5 33 27.403496 17.257402 10.146094 2.5 
10,0,3.5 33 27.151095 17.257402 9.8936935 3.5 
10,0,4.5 33 27.071877 17.257402 9.8144748 4.5 
10,0,5.5 33 25.835513 17.257402 8.5781111 5.5 
10,0,6.5 33 24.668174 17.257402 7.4107724 6.5 
12,0,.5 33 29.480626 17.257402 12.223224 0.5 
12,0,1.5 33 28.894022 17.257402 11.63662 1.5 
12,0,2.5 33 28.764684 17.257402 11.507282 2.5 
12,0,3.5 33 28.439845 17.257402 11.182443 3.5 
12,0,4.5 33 28.256045 17.257402 10.998643 4.5 
12,0,5.5 33 27.462494 17.257402 10.205093 5.5 
12,0,6.5 33 26.049609 17.257402 8.7922076 6.5 
14,0,.5 33 28.281829 17.257402 11.024428 0.5 
14,0,1.5 33 28.145974 17.257402 10.888573 1.5 
14,0,2.5 33 27.769503 17.257402 10.512101 2.5 
14,0,3.5 33 27.63318 17.257402 10.375779 3.5 
14,0,4.5 33 27.421845 17.257402 10.164443 4.5 
14,0,5.5 33 26.708587 17.257402 9.4511847 5.5 
14,0,6.5 33 25.619177 17.257402 8.3617751 6.5 
16,0,.5 32 28.095388 17.257402 10.837986 0.5 
16,0,1.5 32 27.729188 17.257402 10.471786 1.5 
16,0,2.5 32 27.607834 17.257402 10.350433 2.5 
16,0,3.5 32 27.623112 17.257402 10.36571 3.5 
16,0,4.5 32 27.425762 17.257402 10.16836 4.5 
16,0,5.5 32 26.761242 17.257402 9.5038399 5.5 
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16,0,6.5 32 25.06721 17.257402 7.8098082 6.5 
18,0,.5 32 28.003202 17.257402 10.7458 0.5 
18,0,1.5 32 27.517338 17.257402 10.259936 1.5 
18,0,2.5 32 27.566934 17.257402 10.309532 2.5 
18,0,3.5 32 27.395817 17.257402 10.138415 3.5 
18,0,4.5 32 27.448254 17.257402 10.190852 4.5 
18,0,5.5 32 26.706479 17.257402 9.4490767 5.5 
18,0,6.5 32 25.064647 17.257402 7.807245 6.5 
20,0,.5 32 28.003202 17.257402 10.7458 0.5 
20,0,1.5 32 27.517338 17.257402 10.259936 1.5 
20,0,2.5 32 27.566934 17.257402 10.309532 2.5 
20,0,3.5 32 27.395817 17.257402 10.138415 3.5 
20,0,4.5 32 27.448254 17.257402 10.190852 4.5 
20,0,5.5 32 26.706479 17.257402 9.4490767 5.5 
20,0,6.5 32 25.064647 17.257402 7.807245 6.5 
22,0,.5 32 26.547349 17.257402 9.2899475 0.5 
22,0,1.5 32 26.361367 17.257402 9.1039649 1.5 
22,0,2.5 32 26.353274 17.257402 9.0958726 2.5 
22,0,3.5 32 26.158445 17.257402 8.901043 3.5 
22,0,4.5 32 26.199691 17.257402 8.9422888 4.5 
22,0,5.5 32 24.999805 17.257402 7.7424033 5.5 
22,0,6.5 32 22.930627 17.257402 5.6732249 6.5 
24,0,.5 32 27.005978 17.257402 9.7485758 0.5 
24,0,1.5 32 26.845837 17.257402 9.5884349 1.5 
24,0,2.5 32 26.944247 17.257402 9.6868453 2.5 
24,0,3.5 32 26.773419 17.257402 9.5160169 3.5 
24,0,4.5 32 26.750123 17.257402 9.4927215 4.5 
24,0,5.5 32 26.185165 17.257402 8.9277635 5.5 
24,0,6.5 32 24.575013 17.257402 7.3176116 6.5 
 
C.7.  Comparison of Analytical and Experimental Results for µmax vs. Fr0 
Initial 
Froude 
Number 
maximum 
dilution 
(theoretical) 
Initial 
Froude 
Number 
maximum 
dilution 
(experimental) 
2.222418 2.404 3.154815 2.268950179 
2.666902 2.517 4.670406 2.560761937 
3.111386 2.658 11.51404 1 
3.555869 2.828 
  
4.000353 2.556 
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4.444837 2.146 
  
4.889321 1.881 
  
5.333804 1.683 
  
5.778288 1.527 
  
6.222772 1.4 
  
6.667255 1.295 
  
7.111739 1.206 
  
7.556223 1.135 
  
8.000706 1.075 
  
8.44519 1.027 
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APPENDIX  D: Results for Symmetricity 
D.1    Introduction 
 Due to the sudden expansion of width from the inlet channel to the cooling 
channel the behaviour of hot water flow was investigated to check the symmetricity at 
some station inside the cooling channel. This station was 2.5 inch (63.5 mm) away from 
the end of the inlet channel. Temperature was measured near the edges of the cooling 
channel. In each edge 5 thermocouples were installed. Three different types of case were 
investigated based on the initial discharge of the hot water.  
D.2   Types of Jump to check the Symmetricity 
Type 
Hot 
water 
flow, 
gpm 
Hot 
water 
flow, 
m
3
/s 
T0 
(
0
C) 
Ta(
0
C) 
ρ0 
(kg/m
3
) 
ρa 
(kg/m
3)
 
(ρ0-ρa) 
(kg/m
3
) 
g0΄(m/s
2
) h0(m) b0(m) Fr0 
1 1 6.31E-05 26 10.3 996.814 999.701 2.887 0.0284 0.0254 0.0254 3.641 
2 2 0.000126 26.5 8.5 996.68 999.845 3.165 0.0312 0.0254 0.0254 6.954 
3 3 0.000189 27 9 996.544 999.809 3.265 0.0321 0.0254 0.0254 10.27 
 
D.3   Graphical representation of Symmetricity Check 
 
Figure: Symmetricity check for Type 1 jump (thermocouples 1-10) 
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Figure: Symmetricity check for Type 2 jump (thermocouples 1-10) 
 
Figure: Symmetricity check for Type 3 jump (thermocouples 1-10) 
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APPENDIX   E: Figures of Experimental setup 
 
Figure: Longitudinal view of Experimental setup 
 
 
Figure Top view of Experimental setup 
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